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Executive Summary 

ÅMars has a physical and chemical record of planetary processes spanning more than 

4 billion years.  It provides an unparalleled opportunity to study the climate, geology, 

geophysics, and habitability of a terrestrial planet.  

ÅA distinct and identifiable robotic Mars program, separately funded, is necessary to 

accomplish this compelling science and to help prepare for human missions.  A 

program provides feed-forward on both science and technology development, 

coordination across missions to achieve the science objectives, coordination with 

international and corporate partners, and coordination with HEOMD to ensure that 

objectives necessary to support humans can be attained.

ÅA Mars program can most effectively address the full range of key science objectives 

by appropriately utilizing missions in all size classes, in addition to MSR.  The key is 

to match the mission class to the science objectives, spanning the range from small 

spacecraft up through at least New-Frontiers-class missions. 

ÅWeôve defined four ñmission arcò scenarios in different science areas as examples to 

demonstrate how a cost-effective Mars Exploration Program could pursue compelling 

science objectives across a suite of missions over the next fifteen years.
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MASWG Origins and Charter
ÅThe NAS Mid-Term Decadal Survey committee (co-chaired by Louise 

Proctor and Joe Rothenberg) recommended that:  

ñNASA should develop a comprehensive Mars Exploration Program (MEP) 

architecture, strategic plan, management structure, partnerships (including 

commercial partnerships), and budget that address the science goals for Mars 

exploration outlined in Visions and Voyages.ò

ÅIn response, the Mars Architecture Strategy Working Group (MASWG) was 

formed by NASAôs Planetary Science Division to:

ÅDetermine what could and should be done in the scientific exploration of Mars 

beyond (i.e., in addition to or after) the Mars Sample Return campaign.

ÅSurvey the compelling science addressable by various classes of missions during 

the period 2020-2035, building on the science goals outlined in Vision & Voyages

and updated in the MEPAG Goals Document.

ÅDefine mission candidates in various mission classes to guide future MEP 

planning including, but not necessarily restricted to, missions in the small-

spacecraft, Discovery, and New Frontiers categories, which may also be 

considered by the upcoming Planetary Decadal Survey (2023-2032). 

ÅDefine strategic technologies, infrastructure, and partnerships (international and 

commercial) that can enable compelling science in the specified time horizon, 

showing their programmatic linkage. 
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MASWG Membership

MASWG Members

ÅBruce Jakosky, CU/LASP (chair)

ÅShane Byrne, U. Arizona
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Mars, The Nearest Habitable World ï

Defining An Exploration Program

Reading the Martian record:

ī Potential for life

ī Marsô  habitability and changing climate

ī The first billion years of planetary evolution

ī Using Mars to understand exoplanet evolution

ī Mars as a destination for human exploration
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Mars Is A Compelling Target For Both Science And Exploration 
(1 of 2)

Mars has a uniquely accessible archive of the long-term evolution of a habitable 

planet.  The well-exposed and preserved 4-billion-year record of physical and chemical 

planetary processes is unique in the solar system because of its preservation, 

accessibility, and importance to understanding planetary habitability. This record 

includes planetary formation, impact bombardment, interior and crustal processes, 

atmospheric and climate evolution, and potentially the origin and evolution of life on 

another planet.

ÅMars presents outstanding access to environments fundamental to the search for past 

and/or present signs of life.  The prebiotic chemical evolution that led to the origins of life, and 

evidence of lifeôs origins has been erased from Earth but terrain from this era is preserved and 

accessible on Mars. Whether life exists or not on Mars will inform our understanding of the 

origin(s) of life on Earth and beyond.

ÅMars offers an unparalleled opportunity to study climate and habitability as an evolving, 

system-level phenomenon. The Martian climate has evolved dramatically through time, from 

one with abundant liquid water to todayôs cold and dry surface; habitability is a time-dependent

phenomenon governed by interacting processes that occur over a range of spatial and temporal 

scales.  The longevity and accessibility of Marsô rock and volatile record allows us to study the 

interacting interior, atmospheric, and impact drivers of climate and habitability, and their evolving 

nature. The present climate is observable directly.  The record of past climate is stored in the 

volatile deposits of the polar caps, the crustal rock record, and todayôs atmosphere; this ancient 

record has been largely lost on the Earth.
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Mars Is A Compelling Target For Both Science And Exploration 
(2 of 2)

Å The best place in our solar system to study the first billion years of evolution of a 

terrestrial, habitable planet is Mars. Access to pristine terrains that record the end of planetary 

formation, the coupled early geophysical and geological history, the early evolution of an 

atmosphere, and the potential for an origin of life is outstanding. These processes are not 

accessible on the Earth or Venus due to the paucity of unaltered ancient materials nor on the 

Moon and Mercury due to lack of coupling with atmospheric evolution and habitability.

ÅOutstanding opportunities for elucidating the climate, prebiotic and possible biological 

history of Mars informs our understanding of the evolution of exoplanets.  Processes 

operating at Mars have operated, and may be operating currently on many planets around other 

stars.  Mars is the only place with that record that we can study in detail.  These fundamental 

problems of planetary evolution brings together our understanding of Earth, the terrestrial planets 

of our solar system, and beyond.  (See Appendix D.)

ÅA compelling destination for human exploration and science-exploration synergism. After 

the Moon, Mars is the next-most accessible destination for humans.  Future human exploration 

and science investigations at Mars are complementary activities that can leverage advancements 

from each other. New science investigations (such as understanding the dust cycle and the 

formation of low-latitude ice deposits) support planning of human exploration activities. In turn, 

the arrival of humans at Mars will dramatically enhance our ability to achieve big-picture science 

objectives. 
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Findings
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High-Level Summary Of Findings* (1 of 2)

1. Many of the most compelling scientific objectives needed to address planetary 

(including exoplanet) questions can be most effectively achieved at Mars, and a 

coherent Mars program is required to make the best progress on those objectives.

2. Two decades of exploring Mars from orbit and on the surface have revealed a 

currently dynamic planet with a diversity of ancient environments, many with the 

necessary conditions for habitability and clues to their evolutionary history.

3. For both science and exploration by humans, Mars has the compelling advantages of 

being the most easily accessible planet by both robotic and human missions and 

retaining a record of its geological, climate, and perhaps biological history throughout 

time.

4. Mars Sample Return represents a major step forward, is the key flagship mission for 

Mars, and should be completed.  As currently envisioned, MSR would give us an 

exquisitely detailed understanding of one carefully chosen place on Mars.  Many 

fundamental science objectives exist that go well beyond what can be accomplished 

with MSR, providing a systematic look at a dynamic planet.  

5. A Mars program can most effectively address the full range of key science objectives 

by appropriately utilizing missions in all size classes, in addition to MSR.  The key is 

to match the mission class to the science objective. 
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High-Level Summary Of Findings (2 of 2)

6. Rapidly evolving small-spacecraft technologies and procedures could address 

many key science objectives.  This class of missions could revolutionize robotic 

exploration of Mars.  The most critical need is for affordable access to multiple 

places on the Martian surface with adequate payload/mobility. 

7. Purely commercial or commercial-government partnerships for exploring or 

supporting the exploration of Mars, where the private entity bears a reasonable 

fraction of the investment risk are in their formative stages but do not currently 

exist for Mars.  A Mars-focused CLPS-like program could allow technology 

development for future exploration as well as delivery of science payloads.

8. There is tremendous value in developing collaborations between the many 

different governments and entities interested in Mars exploration.  

9. The scientific and the human explorations of Mars are inextricably intertwined. 

Addressing science objectives will be an integral part of upcoming human 

exploration, and preparing for future human exploration provides one of the 

rationales behind having a vigorous robotic Mars scientific exploration program 

today. 
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Why Does Mars Need A Program?

Å Scientific:  Mars provides the best opportunity to explore the full range of processes and 

properties on terrestrial planets under different boundary conditions from Earth, 

including interactions between geological, geophysical, climate/atmosphere, space 

weather, and potential biological processes

Å Marsô entire history is preserved in an accessible rock record that includes the first 

billion years

Å Mars has key similarities with the Earth to allow us to understand the processes 

that operated, with enough differences to truly test our models and our 

understanding

Å Programmatic:  Mars is accessible enough to allow multiple missions to explore the 

different components of the Mars environment and their interactions with each other, 

including substantial access to the surface

Å Exploration:  Mars is NASAôs stated long-term destination for human exploration
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The Mars Program Should Be (And Mostly Is) Doing 
These Things:

ÅAllows coordination and continuity between missions to achieve science objectives 

beyond what a single mission or even a series of one-off missions could 

accomplish

ÅProvides feed-forward between missions on both science and technology, 

including use of small spacecraft as proof of concept for innovative approaches or 

measurements

ÅAllows development of infrastructure that can serve multiple missions (e.g., comm. 

relay from orbit, landing-site selection)

ÅAllows effective negotiation and coordination with international and commercial 

partners to take advantage of the tremendous interest in exploring Mars

ÅAllows focused development of required spacecraft and instrument technology in 

advance of mission selection (e.g., MAV development for MSR)

ÅAllows coordination with HEOMD to ensure strong connections between the 

human and robotic programs for Mars



Small Spacecraft For Mars:  A Programmatic Opportunity 
(1 of 2)

ÅThe term ñsmall spacecraftò encompass a wide range of concepts, depending on the science 

objectives and observation requirements. The ongoing rapid development of small-spacecraft 

capabilities has the potential to revolutionize Moon and Mars exploration by providing more 

affordable and more frequent flight of payloads for scientific exploration and for support of human 

exploration needs. 

o Many science objectives will need to be addressed by the more capable Discovery- and New-Frontiers-class missions, 

as demonstrated by past missions and as needed in the pursuit of the most challenging objectives (e.g., sample return).

o Even so, extensive use of small spacecraft at Mars is particularly appealing during an otherwise MSR-focused decade 

because such use could facilitate a complementary Mars exploration program that achieves high-priority science with 

frequent launches at an affordable cost, while opening the way for commercial participation. 

o In order to develop small-spacecraft Mars missions that have their scientific results integrate into a compelling whole 

(as opposed to having unconnected missions), small spacecraft have to be planned and implemented through a distinct 

Mars program.

ÅKey to reducing costs is strategic investment in propulsion and communications systems to 

enable deep-space small spacecraft, the ongoing reduction in mass and cost of capable 

instruments and subsystems, elimination of dual-string systems, and appropriate relaxation of 

oversight requirements.

o Earlier Mars missions have had both success (e.g., Mars Pathfinder, Mars Odyssey, MARCO) and failure (Mars Climate 

Orbiter, Mars Polar Lander, Deep Space 2) with this approach

o The Commercial Lunar Payload Services program is pioneering an approach of private companies proposing their own 

designs to provide services at lower costs; an equivalent Commercial Mars Payload Services might be able to operate 

in a similar fashion

Å However, the ability to sustain a flight program of multiple missions funded by taxpayer dollars requires 

that an appropriate risk posture (with adequate funding) be used to ensure a reasonable probability of 

success.
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Å In that vein, the cost/requirements/performance relationships for small spacecraft have not 

yet been demonstrated in deep space.

o First round of planetary SIMPLEx missions are still in development, and other concepts have not yet 

flown

o Viability of class D or single-string missions for planetary (including cost trade-offs) needs to be 

determined for specific objectives; e.g., longer-lived smallsats or a cadence of smallsats would be 

needed to capture climate variability over multiple Mars years  

o Significant tailoring of requirements from 7120.5 may be needed

o Planetary protection issues and costs for small spacecraft will have to be addressed (see Appendix C).

ÅThe Mars program needs to develop this potential by matching spacecraft class and 

capabilities to the mission objectives within a reasonable risk/cost profile.  This would be 

done programmatically by:

o Choosing missions in the appropriate size class while integrating them into coherent program lines 

that can achieve major science objectives

o Set the requirements early and realistically on spacecraft size, capability and longevity

o Match the level of oversight to the mission complexity and the skill and experience of the team and 

partners

o Develop and/or leverage key technical capabilities (e.g., smaller landers, long-lived small orbiters, 

instrumentation)

o Assist the process for transit to Mars, including early identification of rideshare opportunities, and 

maintain the communications infrastructure needed to support data return; otherwise these can be 

drivers to mission class.

Small Spacecraft For Mars:  A Programmatic Opportunity 
(2 of 2)
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Recommendations
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MASWG High-Level Recommendations

1. Mars Sample Return should proceed as currently planned, as it will produce a major 

step forward in our understanding of Mars, as envisioned by Visions & Voyages.

2. NASA should support missions that address fundamental science objectives at Mars 

in addition to MSR, using the full range of technically viable mission classes.  During 

the MSR era, the emphasis should be on achieving other high-priority science 

objectives, while developing the needed technologies for going forward. 

3. To the extent possible, missions and instruments should be openly competed; where 

specific investigations are desired, objectives can be defined and then opened to 

competition.

4. For this next phase of Mars exploration, NASA should retain a programmatically 

distinct Mars Exploration Program.  NASA should institute mission or budget lines 

that can allow Mars-specific missions, from small spacecraft through New Frontiers-

class missions, to be strategically integrated into a program, with missions chosen 

and implemented as appropriate for the science to be achieved.

5. A robust Mars exploration program will require affordable access to multiple places 

on the Martian surface and affordable long-lived orbiters.  NASA should invest early 

to expedite the rapidly evolving small spacecraft technologies and procedures to 

achieve these capabilities at lower costs than past missions.

The following charts describe what MASWG believes are the necessary 

attributes of this Mars Exploration Program. 
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MASWG Recommendations for a Successful Future Mars 
Exploration Program (1 of 2)

1. The guiding principles required to drive the program should include:

Å Be responsive to discoveries by ongoing and new missions;

Å Address science priorities as defined by the Decadal Survey and by MEPAG;

Å Have missions build on each other both scientifically and technologically;

Å Compete missions or payload elements to the extent possible within strategic direction; 

Å Inject a sufficient number of flight opportunities to sustain technical capability and to achieve 
steady progress on key goals; frequent missions may be essential to attracting the 
commercial sector and international partners;

Å The choice of mission class should be determined by the specific science objectives.

2. Program should be sustained at a steady funding level, with commensurate results. 
The size and scope of the program ð and therefore the progress that it can make ð
will depend upon the resources provided.

3. Develop a line of PI-led small spacecraft, Discovery and New Frontiers-class 
missions, competed in a separate program line while addressing strategic goals.

4. The Program should have a protected, adequately funded, and competed technology 
development program to advance instrumentation and developments in key areas 
(e.g., as is being done for the Mars Ascent Vehicle).  The technology invested should 
be focused and leveraged within NASA and with other agency and commercial 
entities. 

5. NASA should develop low-cost approaches for entry vehicles at all size classes, 
including entry, descent, and landing; for long-lived orbiting spacecraft; and for aerial 
vehicles, landers, and rovers to provide access and mobility after landing.
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MASWG Recommendations for a Successful Future Mars 
Exploration Program (2 of 2)

6. NASA and the Mars community should study the feasibility of adapting the CLPS program 

to Mars.   A successful Mars-focused Commercial Mars Payload Services (CoMPS) could 

serve as a programmatic vehicle to allow, at reduced cost, development of technologies for 

future exploration as well as delivery of science payloads.

7. NASA and the Mars community should continue to explore, negotiate, and support 

international collaborations as a means of leveraging flight opportunities to achieve 

compelling science.

Å Involve the respective scientific communities in the definition and execution of joint missions

Å To the extent possible, compete missions and instruments to get the best science

Å Financially support the mission participants adequately to achieve the mission objectives 

(Instrument Teams, Science Team members, Participating Scientists, Interdisciplinary Scientists).

8. Adequately fund the analysis of returned mission data so results can be achieved in timely 

fashion; support extended missions as long as they make solid scientific progress.

9. Enhance interactions between the revitalized Mars Exploration Program and the Human 

Exploration & Operations Mission Directorate (HEOMD) to define needs and the 

opportunities to address them.  This group would ensure that:

Å Adequate, accurate, and appropriate information and experience is provided in support of human 

missions

Å Scientific progress is sustained and advanced by missions with humans
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Program Architecture:  Mission Arcs and Scope
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Mission Arcs (1 of 2):  Definition And Description

ÅTo demonstrate how a Mars Exploration Program could pursue compelling science 
objectives while utilizing a suite of missions, four ñmission arcsò or scenarios have been 
defined; these are examples and do not encompass the entire range of compelling 
options.  

ÅEach example identifies an area of compelling science, with a brief statement of goals, 
and then a progression or choice of missions that could be strategically linked to achieve 
the goals. 

ÅThere are other potential ñarcsò.  The ones cited here are meant to demonstrate that 
such strategically linked, compelling arcs exist.

Å In most cases there is a progression from building on what is known today (e.g., diverse 
environments) to more-capable missions.  The increased capability is typically driven by 
the payload as more-complex measurements are needed to follow up earlier discoveries 
or more-challenging science objectives. 

ÅAn exception to this might be the long-term observations of the current climate 
where a succession of small satellites with a standardized payload, modestly 
upgraded over time, could achieve much of that goal.

ÅWhile individual missions in a mission arc could be achieved through the Discovery/New 
Frontiers competitive process, inclusion in a strategic program line would ensure a 
consistent approach with missions building on one another.  New Frontiers should not be 
closed to Mars missions if missions of that class were prohibited by inadequate funding 
of the Mars program. 

22Preliminary Findings and Recommendations for Discussion and Feedback



Mission Arcs (2 of 2):  Mission Classes

The mission classes envisioned here are defined by:

Å SSc denotes Small Spacecraft class. The life-cycle costs (including launch vehicle and 
Phase E ops/science) are taken to be in the range of $100-300M1.  There was 
considerable debate about this cost range.

o The SIMPLeX cost cap was viewed by many as being too restrictive to achieve 
compelling science.  That cap is ~$55M, not including Phase E or launch costs, 
which are included here.

o It seemed prudent to use a conservative upper-bound cost until the first such 
missions to Mars have been successful.  

o All agreed that some of the needed missions could be in the lower half of the 
range, but some objectives (e.g., the need for long-lived climate observers) may 
require the upper part of the range.

o If the cost of successful small spacecraft missions is in the lower half of the cost 
range, more small spacecraft can be flown, which would boost several of the 
missions arcs (especially #1 and #4) envisioned here.

Å DSc and NFc describe missions having objectives and requiring resources similar to 
the Discovery and New Frontiers classes, respectively. 

Å FLG describes a flagship-class mission.
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1 Mission cost assumptions in this document are of a budgetary and planning nature and are intended for informational 

purposes only.  They do not constitute a commitment by NASA.



Small- To Large-Mission Cost Estimates

Å Estimated actual cost of past Mars missions and of small-mission concepts.  Includes

Launch Vehicle cost and 2-year launch delay for NSYT and MSL, excludes Phase E or 

extended missions.

Å Small-mission cost estimates are for specific candidate missions examined by JPL 

Team-X and are not necessarily representative of the full range of possibilities.

Å Simplex cost cap of $55M is likely to be too compromising for a Mars mission cost; a 

more-pragmatic lower limit life cycle cost is thought to be nearer to $100M.
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1 This mission cost analysis was provided as part of a budgetary and planning activity and is intended for informational 

purposes only.  It does not constitute a commitment on the part of JPL and/or Caltech.
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